This study investigated the use of the hindlimb suspension (HS) and reloading model of mice for the mapping of ultrastructural and gene expressional alterations underlying loaddependent muscular adaptations. Mice were hindlimb suspended for seven days or kept as controls (C, n=12). Soleus muscles were harvested after HS (HS7, n=23) or after resuming ambulatory cage activity (reloading) for either one (R1, n=13) or seven days (R7, n=9). Using electron microscopy, a reduction in mean fiber area (-37%) and in capillary-to-fiber ratio (from 1.83 to 1.42) was found for HS7. Subsequent reloading caused an increase in interstitial cells (+96%) and in total capillary length (+57%) while mean fiber area and capillary-to-fiber ratio did not significantly change compared to HS. Total RNA in the soleus muscle was altered with both HS (-63%) and reloading (+108% in R7 compared to C). This is seen as an important adaptive mechanism. Gene expression alterations were assessed by a muscle-specific low-density cDNA microarray. The transcriptional adjustments indicate an early increase of myogenic factors during reloading together with an overshoot of contractile (MyHC I and IIa) and metabolic (glycolytic and oxidative) mRNA amounts and suggest mechano-sensitivity of factors keeping the sarcomeres in register (desmin, titin, integrin β1).
Introduction
The phenotype of skeletal muscle is importantly dependent on mechanical loading. This aspect of muscle plasticity is highlighted by the severe loss of mass (atrophy) after few days of reduced weight-bearing activity such as bedrest (18) or space flight (19) . On the other hand increased mechanical loading i.e. resistance training (20) or continuous stretch (10) induces muscle growth (hypertrophy). The molecular pathways governing mechano-dependent muscle remodeling are ill defined and ask for further investigations.
Hindlimb suspension (HS) of rats is an established model for atrophy induced by unloading which produces many of the muscular and systemic changes seen in humans as a consequence of muscle disuse (41, 55). HS preferentially affects the load bearing soleus muscle resulting in specific atrophy within days. HS has been recognized to increase the maximal shortening velocity of the soleus muscle while decreasing its peak tension (55). On the structural level, these functional changes go along with a loss in muscle mass, mean fiber area, capillary-to-fiber ratio and a shift towards a fast fiber phenotype (55). Consequently, an up-regulation in expression of genes involved in glycolysis, protein turnover and growth arrest as well as an attenuation of cell proliferation and genes involved in fat metabolism has been noted in rat soleus muscle with prolonged HS (64, 53) . Subsequent reloading of the rat's hindlimbs by resuming normal cage activity initiates muscle fiber regeneration and results in a recovery of muscle structure (i.e. mean fiber area, capillary-to-fiber ratio) and function towards normal levels (21, 14, 49, 34 ).
There are limitations of the rat model for the study of single gene effects in mechanodependent tissue remodeling as the targeted generation of genetically modified rats is not yet feasible and only a few spontaneous mutations exist (7, 43) . By contrast, the mouse HS model offers a promising option for studying the role of monogenetic factors in the atrophy and recovery process. Moreover, the mouse model presents a more efficient approach to address many physiological questions in particular with the well-established characterization of genetically modified mice, the possible size-dependent acceleration of biological adaptations and also economic considerations related to smaller animal size (35, 42).
Mouse HS experiments performed so far have revealed soleus muscle atrophy and reduction in cross-sectional area (50, 39, 37, 26, 30, 51, 56, 11, 9, 5, 44) to the same relative extent and at a similar time scale as known from rat HS. Based on these structural similarities authors have often drawn conclusions from rat HS studies for statements concerning gene expressional adaptations in mice. However, there are important phenotypical differences between anatomically analogous muscles for the two rodent species. In rat soleus muscle, the proportion of type I fibers is above 80%, the rest being IIa or I/IIa hybrid fibers (12, 16) , whereas soleus muscle fiber type composition in laboratory mice is shifted towards type IIa (~60% of all fibers) with strain-dependent distribution of fiber subtypes (51, 57, 26).
Differences in contractile activity -possibly the result of species-specific body mass, behavior and biomechanical conditions (26) -are most probably underlying this altered soleus muscle phenotype. Contractile activity regulates muscle fiber type expression most likely by inducing not one master switch but multiple signaling pathways and transcription factors (48). Thus, different gene expression profiles for fiber type-associated genes such as glycolytic enzymes (27, 46) can be assumed for mice with HS and reloading compared to rats.
The aim of this study was to elucidate the effects of 7 days HS and subsequent reloading (1 or 7 days) on the ultrastructure and the transcriptional levels of known genes in soleus muscles of C57Bl/6 mice. It was hypothesized that HS causes similar qualitative and quantitative effects in mice compared to rats on the structural level, resulting in a reduction of mean fiber area and capillarization in the soleus muscle, recovering to control level after reloading. For gene expression, reloading was assumed to trigger broad transcriptional changes due to an activation of the myogenic program involved in muscle differentiation, muscle structure and cell cycle regulation. It was speculated that HS would lead to a shift towards genes expressing fast myosin heavy chain (MyHC) isoforms (IIx and IIb) and to an altered expression of mRNAs of genes responsible for glycolysis compared to rats.
Material and Methods
Animals. All procedures were approved by the Animal Protection Commission of the Kanton Bern, Switzerland and were carried out according to the newest guiding principles for research (1) . Female C57Bl/6 mice (~4 months old) obtained from the Institut für Labortierkunde (Max Gassmann, Zürich, Switzerland) were used for all experiments. The animals were housed in a care facility with a 12:12-h light-dark cycle at a constant temperature of 22°C and maintained on a diet of standard chow with water ad libitum. All mice were kept individually in macrolon type III cages (Indulab, Italy) for 7 days of acclimatization before they either underwent hindlimb suspension (HS) for 7 days or remained in identical cages without suspension (control C, n=12). After HS the animals were either sacrificed directly (HS7; n=23) or resumed ambulatory cage activity (reloading) for 1 (R1; n=13) or 7 days (R7; n=9).
Hindlimb suspension. HS was performed using a modification of a protocol for tail suspension of mice (11) . Before the suspension procedure, each mouse was weighed and slightly anesthetized with ketamine (100 mg/kg body mass) to attach the suspension device.
A swivel hook was fixed with a strip (~12 cm x 1.0 cm) of adhesive tape (Leukotape ® classic, BSN medical S.A.S., Vibraye, France) distally at half distance to the tails tip, thereby enclosing the tail on both sides. Two hours after recovery from anesthesia the swivel hook was raised to a movable X-Y-system preventing the mouse from touching the ground with its hindlimbs while permitting free movement within the entire cage. Control animals were anesthetized in the same way as the suspended ones.
Tissue sampling. The mice were weighed and anesthetized with a cocktail containing ketamine (74.0mg/ml), xylazine (3.8mg/ml) and acepromazine (0.7mg/ml) at a dose of 3.0ml/kg body mass. All HS animals were anesthetized without allowing them to touch the ground with their hindlimbs and their body mass was determined 5min after application of anesthesia. Both soleus muscles were excised 20min after anesthesia, weighed and either frozen within 60 seconds in isopentane cooled by liquid nitrogen and stored in liquid nitrogen until analysis or processed for electron microscopy as mentioned below. The anesthetized animals were euthanized by cervical dislocation.
Electron microscopy. One half of a freshly harvested soleus muscle was fixed in 6.25%
glutaraldehyde and processed as previously described (62). Ultrathin sections (50 -70 nm)
were cut on a LKB Ultrotom III and double stained with uranyl acetate and lead citrate.
Micrographs for morphometry were taken on 35mm films with a Philips EM 300 electron microscope. Micrographs of a carbon grating replica were recorded for calibration on each film.
Morphometry. Two muscle tissue blocks were cut from each animal for stereological analysis. The orientation of the sections was transverse or slightly oblique with regard to the fiber axis. For estimation of fiber cross-sectional area, capillaries and interstitial cells a final magnification of x 2200 was used. Depending on availability 7 to 20 pictures per block were taken in consecutive frames of slotted grids (Type H) yielding a total of 684 pictures (244 for C, 208 for HS7, 232 for R7). On average this resulted in 255 muscle fiber profiles for the analysis in each animal. The 35mm-films were projected on a screen fitted with a quadratic grid of lines (A100 grid). The number of muscle fibers and capillaries were counted on the screen. Concomitant, point counting of muscle fibers, capillaries and interstitial cells was performed on the A100 grid harboring 100 points. Morphometric calculations were done using standard procedures (62). For calculation of the capillary length density a constant c(K,0) value of 1.55 was used to characterize capillary tortuosity accounting for the measured sarcomere length found to be similar under all experimental conditions (36).
Qualitative analysis of muscle tissue was performed on electron micrographs at a much higher magnification (x12'300 up to x22'500) to study muscle fibers, capillaries and to identify different cell types in the interstitial space of the soleus muscle.
RNA isolation. For extraction of total RNA, a modification of the RNeasy mini-protocol (Qiagen AG, Basel, Switzerland) for skeletal muscle was used as described earlier (64) .
Integrity of the RNA was checked with denaturing agarose gel electrophoresis and the concentration was quantified using the RiboGreen RNA quantification kit (Molecular Probes, Eugene OR, USA). whereas for the four contractile MyHC isoforms (47) and for the internal reference 28S rRNA (60) established primers were used. RT-PCR were carried out in triplicates on 30µl aliquots with 6ng cDNA sample (0.6ng for 28S) and 20pmol specific primers (4pmol for MyHC IIb).
Quantification of amplified cDNA relative to 28S rRNA was done as described previously (21) and appropriate product size was checked on agarose gels. Raw signals from each array were background-corrected and standardized to the internal reference 28S rRNA. These data were tested for significant changes with the significance analysis of microarrays (SAM, available at www-stat.stanford.edu/%7Etibs/SAM/index.html) (58) running as an add-in in Microsoft Excel. In order to account for significant differences in RNA content (total RNA per soleus) in C, HS7, R1 and R7 soleus muscles (see Table 1 ), background-corrected and standardized expression data were multiplied with each animal's soleus muscle RNA content and verified for statistical differences with SAM. With the SAM procedure the false discovery rate (FDR) of significantly changed genes is calculated based on the ratio of the number of significantly changed genes to the computed median number of falsely detected genes (58). The output criteria selected for SAM included ≥1.5-fold change at a threshold expected to produce a median number of falsely detected genes <2.2 genes (<1% of all genes) or a FDR <5%. The full microarray data (GSE1293) are available on GEO (http://www.ncbi.nlm.nih.gov/geo/). Minimal information about microarrays (MIAME) is available in supplemental figure 1.
Results
Effects on body and muscle mass. Body mass among the groups (C, HS7, R1 and R7) was only significantly different at the end of the experiment for R1 compared to C (Table 1 ). For the pooled data from the HS7, R1 and R7 mice, a significant drop in body mass (-3.6%±1.4) was observed after 7 days of HS. Muscle mass was normalized to body mass to account for the observed difference in body mass thereby elucidating the specific effect of HS for the soleus muscle. Normalized muscle mass was significantly reduced in HS7 (-26%±1.6) but subsequently increased with reloading in R1 (-16%±1.6 to C) and was recovered to control values in R7 (+7%±4.4 to C) ( Table 1) .
Effects on muscle ultrastructure. 7 days of HS resulted in a mean fiber area reduced by 37%±3.7 ( Table 2 , Fig. 1 ). After 7 days of subsequent reloading the mean fiber area was still low (-35%±4.1 to C) ( Table 2 ).
The capillary network in the soleus muscle adapted to both loading conditions in a specific way: capillary-to-fiber ratio was lowered in HS7 (-23%±2.7), while changes in total capillary length did not reach statistical significance (-17%±6.1, p=0.21). With 7 days of reloading capillary length was increased by 57%±7.8 (compared to HS7) ( Table 2 ).
Interstitial cells (ISCs) in the soleus muscle were estimated by their abundance relative to muscle volume. In HS7, the volume of ISCs was not changed compared to C. However, in R7 more than a doubling (+130%±30 to C) was observed ( Table 2 , Fig. 1 ).
Qualitative analysis elucidated that in R7, but not in HS7, ultrastructural features in the soleus muscle diverged from those observed in C (Fig. 2 ). Most muscle fibers contained nuclei with swollen nucleoli (Fig. 2a) . For capillaries, an activated state could be observed in the endothelial cells exhibiting a huge amount of vesicles (relation to endothelial wall thickness was not assessed), potentially standing for enhanced transport from and towards the capillaries (Fig. 2b ). In the interstitial space, most of the detected cells were identified as synthetically active fibroblasts filled with ribosomal endoplasmic reticulum (Fig. 2c) . A smaller portion of cells could be identified as macrophages (Fig. 2d) .
Effects on gene expression. RNA content from one soleus muscle (µg/soleus) was significantly reduced (-63%±5.4) in HS7 and was 108%±27.2 greater in R7 than in C (Table   1 ). An analogue behavior was observed for total RNA concentration (µg RNA/mg muscle)
with a tendency to a drop (p=0.10) in HS7 and a significant 109%±22.2 increase in R7 compared to C (Table 1) . Statistical analysis of the microarray data per soleus revealed a general down-regulation of expression for genes from all functional categories investigated in HS7, whereas reloading caused a reversal of this effect for most genes with enhanced mRNA levels in R7 (see Figs. 3-5; Table 3 ).
For contractile genes, expression of MyHC IIa was markedly attenuated (-86%) with HS as well as MyHC I (-72%). This reduction was accompanied by an increase of the fast isoforms MyHC IIb (+48%) and IIx (+26%, not significant). Reloading for 7 days compared to HS7 resulted in massively enhanced MyHC IIa (+1777%) and MyHC I levels (+380%).
MyHC IIb was further up-regulated in R1 (+170%) while MyHC IIx was significantly elevated in R7 (+97%) (Fig. 3) . Concerning expression of genes involved in muscle contraction, a strong correlation over all treatments was found between the myocellular redox factor of oxidative muscle fibers, carbonic anhydrase 3 (CA3) (23) Glycolytic enzyme expression was reduced in HS7. This attenuation was reversed with reloading, resulting in largely increased expression levels i.e. for aldolase C (ALDOC, +761%), enolase 2γ (ENO2, +215%), GAPDH (+448%) and phosphoglycerate kinase 1 (PGK1, +413%) in R7 (Fig. 4) . Metabolic genes involved in intracellular transport, triglyceride hydrolysis, glucose conversion, β-oxidation and electron transport were categorically down-regulated in HS7, most of them having recovered towards control level in R7 (Table 3) .
Concerning cell regulatory factors, myoblast determination protein (MYOD), myf6/herculin (MYF6) and myogenin (MYOG) were altered with HS and reloading. MYOG and MYF6 were significantly decreased (-63% and -65%, respectively) in HS7, while MYOD was not different from C. All three transcripts were heavily induced in R1 compared to HS7
(MYOD +1321%, MYF6 +803% and MYOG +599%) and the expression of the latter two was maintained at the enhanced level in R7 (Fig. 5) . Whereas for MYF6 and MYOG the induction was relatively homogeneous, MYOD expression showed considerable variation among the R1 animals (data not shown). Correspondingly, an early transcriptional increase in cell cycle regulatory factors (cyclin-dependent kinase 4 (CDK4), cyclin D1 (CCND1), cyclin A1 (CCNA1)) as well as positive and negative regulators of the IGF-axes could be observed in R1 (Table 3) .
From genes involved in definition of the extracellular matrix-cytoskeleton-axis desmin (DES), titin (TTN), fibronectin (FN1), integrin β1 (ITGB1), integrin β5 (ITGB5), laminin α2 (LAMA2), laminin α3 (LAMA3) and laminin γ1 (LAMC1) were significantly reduced with HS and increased after enhanced mechanical stress with reloading of atrophied soleus muscle in R1 and R7 (Table 3) .
With reloading an increase in three proteolytic factors (calpastatin (CAST), cathepsin H (CTSH) and ubiquitin) was observed (for overview of gene expression data see Table 3 ). 
Validation of gene expression data by quantitative RT-PCR.

Discussion
Major observations. The structural observations indicate that reloading causes a massive increase in interstitial cells (ISC's) and in total capillary length while mean fiber area in atrophied soleus muscles is not recovered within the first seven days of reloading. The study of the changes of the transcriptome indicate a) a major change in RNA content of the soleus muscle at HS7 (-63%) and R7 (+108%) seen as an important adaptive mechanism under these conditions; b) mechano-sensitivity of gene expression for some factors which keep the sarcomeres in register (integrin β1, desmin, titin); c) alterations in glycolytic enzyme expression and MyHC IIa which are different in the mouse HS model from those seen in the rat model and d) early increases in expression of myogenic and contractile factors which are not translated into an augmented mean fiber area at R7.
Effects on muscle structure. This is the first report analyzing ultrastructural adaptations for the mouse soleus muscle with HS and reloading using electron microscopy. The observed 13 reduction in mean fiber area of 37% after HS concurs with light microscopy data reported for HS of 7 (39, 51) and 10 days (44) and is even greater than the reduction of 26.6% after a 12 day space flight (28). Muscle fiber atrophy is in the same range as the loss of normalized soleus mass (-26%) after HS, going along with data for the same mouse strain (33).
Confirming our hypothesis, the reductions in mean fiber area and muscle mass follow a similar time scale as in rat HS (13) . The same holds true for the capillary network where the significantly reduced capillary-to-fiber ratio (-23%) manifests itself with the same magnitude (-19.3%) after 7 days of HS (32) but earlier than suspected from rat microgravity exposure which is not showing a significant drop until 12.5 days (15, 17) . This reduction is interpreted to result from an interplay of mechanical and hemodynamical factors due to reduced In contrast to our hypothesis, mean fiber area in R7 was not significantly increased compared to HS7 despite recovered muscle mass. An explanation for this difference must remain speculative. The discrepancy, however, could be explained by an elevated interstitial volume due to increased ISC mass (Fig. 1) , an influx of water related to the inflammation process and a swelling of muscle fibers which both would be lost with sample preparation for electron microscopy as well as the presence of small fibers ( Fig. 2e ) with 7 days of reloading.
In fact, fiber type specific differences in water homeostasis have been shown with hindlimb suspension in rat soleus muscle (22) . These latter considerations as well as differences related to embedding techniques (electron vs. light microscopic technique) (8), strains (C57Bl/6 vs.
Balb/c) and models (suspension with movable X-Y-system vs. 360°-suspension harness)
used, may also come into play when comparing our electron microscopy observations to the light-microscopical data of Mitchell PO & Pavlath GK 2001 (39). These authors show a ~50% increase of mean fiber area for type I fibers after the first 5 days of reloading together with a continuous recovery to control level within 14 days.
Transcript level standardization in relation to alterations of total RNA. The reduced content of isolated total RNA (-63%) from one soleus muscle in HS7 compared to C goes along with data published from rat spinal cord isolation (25) and food deprivation (31)where the induced atrophy was accompanied by a significant 55% reduction of total RNA after 8 days. In R7, absolute (+108%) as well as relative (+109%) amounts of total RNA were significantly upregulated compared to C. This is consistent with data from overloaded rat plantaris muscle
showing an up-regulation of total RNA concentration after 48 hours remaining high for the next 10 days (2) and from chicken with 6 days of muscle stretch causing a 239% increase in RNA content (10) .
Given that ~95% of total RNA is ribosomal and that this proportion is relatively stable, (Fig. 2a) . Combined, our data indicate that alterations of the RNA pool (content and concentration) are an underlying strategy and an important adaptive response of the soleus muscle in this model for the instruction of post-transcriptional events.
These events lead to adjustments of the muscle's makeup upon longer-lasting alterations in the muscle-loading pattern. This quantitative aspect of total RNA in the soleus muscle has an important impact in the analysis and the interpretation of mRNA levels in answer to altered mechanical loading because it is heavily influencing the reference system of analysis.
Effects on gene expression. Microarray analysis of gene expression gives us a partial insight
into the biological processes which occur with atrophy and recovery of mouse soleus muscle.
They reflect specific cellular responses, some of which are found to be different from those observed under similar conditions in rats. Together these results show a shift in MyHC expression towards a faster phenotype in the suspended mouse soleus, which other than proposed recently, may be quantitatively similar to the phenotypic response of rat and human species to microgravity (see Fig. 7 of (28)).
Concomitantly with the predicted increase of fast type IIx and IIb MyHCs an associated induction of glycolytic mRNAs was hypothesized based on enzymatic measurements in mouse muscles showing this correlation (27) . This induction is known from rat HS where GAPDH, ALDOA and phosphofructokinase (PFKM) were up-regulated after prolonged HS Table 3 . Gene expression data of significantly changed transcripts in the soleus muscle after hindlimb suspension and after subsequent reloading 
